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We have observed a phase transition from a uniaxial to a biaxial nematic phase in a lyotropic liquid crystal
as a function of decreasing film thickness. The results, obtained by optical second-harmonic generation ex-
periments in a wedged cell geometry, are supported by additional Z-scan measurements and can be interpreted
by wall-induced ordering effects.
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I. INTRODUCTION
The study of confinement effects in liquid crystal (LC)
materials is not only of fundamental interest but is also
highly relevant for the large variety of LC applications, for
example, in liquid crystal displays. These effects have there-
fore been well studied for thermotropic LC’s where they
have been shown to lead to changes in phase, phase transi-
tion temperatures, and dynamics [1–4].
In contrast, not so much is known about confinement ef-
fects in lyotropic liquid crystals (LLC’s) that are obtained by
the dispersion of amphiphilic molecules in a solvent (usually
water) that self-assemble in anisotropic aggregates called mi-
celles, despite the relevance of these materials for many
fields such as biology, detergents, oil recovery, etc. Only very
recently it was observed that drastic changes in the dynami-
cal behavior are induced when the thickness of the sample is
decreased, suggesting a possible nematic uniaxial-biaxial
phase transition [5].
It is well known that lyotropic systems can present two
nematic uniaxial phases (calamitic Nc and discotic Nd) and
one biaxial nematic phase Nbx. X-ray diffraction studies have
shown that in the three nematic phases, the micellar aggre-
gates have approximately the same biaxial shape, with di-
mensions around 8.535.532.6 nm3 [6–8]. Figure 1 illus-
trates a biaxial micelle and its symmetry axes: a, b, and c.
Free rotations around the a and b axes characterize the Nc
and Nd nematic phases, respectively, whereas in the Nbx
phase there are only small amplitude rotations around the
three symmetry axes. Therefore, the phase transitions differ
from each other mostly by orientational fluctuations around
the symmetry axes of the micelles.
In this paper we show that the interactions with a confin-
ing wall indeed lead to a surface-induced phase transition in
the bulk of a thin LLC film. Using the nonlinear optical
technique of second-harmonic generation (SHG) we have
observed a phase transition from a uniaxial to a biaxial nem-
atic phase in a confined LLC film below a thickness of about
80 mm. This interpretation is supported by additional Z-scan
measurements and explained by the restrictions that the con-
fining walls impose on the micelle fluctuations.
The theoretical background for SHG studies of LC has
been reported in detail in previous papers [9]. Here we will
only summarize the most essential part for this study. The
source of the output SH signal, at frequency 2v, is governed
by the nonlinear polarization Ps2vd induced by the incoming
laser field Esvd, which can be written as
Ps2vd = xef f
s2ds2vd:EsvdEsvd , s1d
where the effective nonlinear susceptibility tensor x
ef f
s2d in-
cludes dipole and quadrupole contributions, respectively. The
contributing nonzero tensor elements of x
ef f
s2d depend on the
symmetry of the material studied [10]. In centrosymmetric
materials (such as the present LC phases), the dipolar contri-
bution is only allowed at the symmetry breaking interfaces.
At normal incidence, the only contribution can come from
anisotropic terms such as xxxx and xyyy. Given the thickness
range of the present experiments s30–140 mmd these terms
can safely be ignored here [9,10].
Therefore, the SHG signal is expected to originate only
from the bulk and will be proportional to the film thickness
for such dilute system where absorption at v and 2v can be
ignored. The responsible quadrupole term will depend on the
nonlinear polarizability of the micelles and their distribution
function.
For amphiphilic molecules, it has been reported that their
nonlinear optical response is mostly due to the asymmetry of
the p− electron group with a hydrophilic head on one side
FIG. 1. Schematic representation of a micelle, indicating the
orientational axes a, b, and c.
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and a hydrocarbon chain on the other side [11]. However, the
LLC system is composed of anisotropic aggregates of am-
phiphilic molecules, where the polarizability is not well
known. More information on this can fortunately be obtained
by Z-scan measurements (see below )[12].
II. EXPERIMENT
The LLC mixture used was composed of potassium
laureate s35.3 wt %d, decylammonium chloride s4.0 wt%d,
and water s60.7 wt %d, which exhibits the following phase
sequence as determined by birefringence measurements:
Ha-17.0°C-Nc-36.5°C-Nbx-39.0°C-Nd, where Ha is a hex-
agonal phase. The LC material was introduced by capillary
action into cells made from Poly-methyl-methacrylate
(PMMA) spin coated flat glass plates that were unidirection-
ally rubbed to induce an easy axis. For the thickness depen-
dence measurements, wedged cells were built with a 200 mm
thick spacer at only one side, providing a range of
20–160 mm with an accuracy of <5 mm. The alignment
was further improved by applying a strong magnetic field
s<10 kGd, parallel to the rubbing direction during <1 h.
The quality of the alignment was checked by observing the
LC texture in a polarizing microscope.
For the SHG experiments, we used a mode-locked Ti:sap-
phire laser at 787 nm, pulse width 100 fs, repetition rate
76 MHz, beam power 40 mW (after the chopper), focused to
a <0.08 mm2 cross-sectional area. A chopper with 90% in-
tensity reduction was used to avoid thermal effects on the
sample. The SH output was detected by a photomultiplier
after proper spectral filtering, followed by a photon counter
system. The cell was mounted on translation and rotation
systems controlled by stepping motors.
The SHG transmission measurements were performed at
room temperature, i.e., in the uniaxial Nc phase. However,
the Z-scan measurements were performed at 35.0°C and
37.8°C, with the LLC sample in the Nc and Nbx phases,
respectively.
Details of the Z-scan setup are described elsewhere [12].
Briefly, we used a cw Millennia II (Spectra Physics) laser,
l=532 nm, illuminating the sample with pulses of 33 ms via
a mechanical chopper. The on-axis intensity in the far field
was measured with a photodiode. The sample was in a
200 mm thick cell aligned in a 10 kG magnetic field. The
temperature of the sample was controlled with a resolution of
±0.1°C. In the Z-scan technique, a polarized laser beam,
propagating in the z direction, is focused to a narrow waist.
The sample is moved along the z direction through the focal
point and the on-axis-transmitted intensity is measured in the
far field as a function of the z position of the sample. The
focal volume varies with the position of the sample and can
be estimated by pdswzd2, where d is the thickness and w0
<20 mm is the beam radius at the z0 position.
III. RESULTS AND DISCUSSIONS
The intensity of the SHG signal as a function of the
sample thickness is plotted in Fig. 2. The p-p polarization
shows a linear increase of the SHG signal with increasing
thickness whereas, for the s-p polarization, a discontinuous
change of the SHG signal is observed around 80 mm. Here
we define as p and s, the polarization parallel and perpen-
dicular to the uniaxial direction, respectively. The linearly
increasing p-p signal is consistent with the bulk origin of the
SHG and indicates that there are no orientational changes in
the direction of the sample orientation. The change in the
s-p signal suggests a change in the orientational order of the
micelles along the axis perpendicular to the alignment direc-
tion. It is worth to underline that the measurements were
repeated with different cells and this behavior is very repro-
ducible.
FIG. 2. SH signal as a function of the LLC sample thickness for p-p and s-p polarization combinations. The translation direction
coincides with the uniaxial direction.
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To further investigate the origin of the sudden signal
change near 80 mm we investigated the azimuthal orienta-
tional distribution for 120 mm and 50 mm thick cells, as is
shown in Figs. 3(a) and 3(b), respectively. Although the
sample is supposed to be in the Nc phase for both thick-
nesses, the data in Fig. 3 show that the anisotropic SHG
response exhibits polarizability components both parallel and
perpendicular to the director orientation that are quite differ-
ent for the two thicknesses. For the 120 mm thick sample the
parallel and perpendicular components have approximately
the same magnitude but for the thin one s50 mmd, the per-
pendicular component is about 1 /3 of the parallel one. The
s-p polarization combination is equivalent to the p-p combi-
nation rotated by 45°, and the SH intensity is higher.
These results suggest a thickness-induced symmetry
breaking. We propose that this is due to a surface-induced
transition from a uniaxial nematic Nc phase at higher thick-
nesses to a biaxial nematic Nbx phase below 80 mm, because
of the restrictions that the surface imposes on the micelle
fluctuations, both around the a and b axes (see Fig. 1).
In the calamitic phase, the biaxial aggregates undergo
large orientational fluctuations around the a axis. However,
at the interface layers, these orientational fluctuations are re-
stricted by the presence of the boundary surface. In addition,
the surface treatment also restricts the fluctuations around the
b axis, leading to a biaxial order in the surface layer [13].
FIG. 3. SH azimuthal orientational distribution of the aligned LLC sample, measured for p-p and s-p polarization combinations. (a)
120 mm thick; (b) 50 mm thick. F=0 coincides with the director orientation.
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When the thickness of the sample is reduced, this order can
propagate into the bulk, as was indicated with indirect mea-
surements by previous experiments [6].
In order to confirm this hypothesis we applied the Z-scan
technique on the LLC system. A cw spatially Gaussian laser
beam, incident on a weakly absorbing medium, leads to a
temperature profile that follows the Gaussian radial distribu-
tion of the energy. The refraction index of such a medium
can be written as nsrd=no+dn where no is the linear refrac-
tive index and dn the optical field induced refractive index
change, which is proportional to the temperature coefficient
of the refractive index dn /dT in the millisecond time scale.
Therefore, the sample behaves like an optical lens and the
values of dn /dT can be obtained by fitting the experimental
Z-scan curves [14,15].
We performed the Z-scan measurements in the Ncs35°Cd
and Nbxs37.8°Cd phases, parallel and perpendicular to the
director orientation, and the results are presented in Fig. 4.
From the fittings of the Z-scan curves we obtained the values
of dni /dT and dn’ /dT in both nematic phases (see Table I).
It has been shown that for a medium with low birefringence
such as a lyotropic system sDn<10−3d, the dn /dT~da /dT,
where a is the electronic polarizability. Therefore, changes
of dn /dT can be attributed to changes in the a of the mi-
celles [16,17].
FIG. 4. Z-scan experimental curves, measured in the Nc and Nbx phases, with polarization of the laser beam (a) perpendicular and (b)
parallel to the director orientation.
TABLE I. Values of dn /dT obtained from the fitting of the ex-
perimental Z-scan curves.
dni /dTs310−3 K−1d dn /dTs310−3 K−1d
Ncs35.0°Cd −1.3 0.4 −1.5 0.4
Nbxs37.8°Cd +0.064 0.008 −2.8 0.4
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In the Nc phase we found that dni /dT and dn’ /dT have
the same sign (negative) and approximately the same value,
which can be correlated with the SHG azimuthal orienta-
tional distribution for the 120 mm thick cell [Fig. 3(a)] par-
allel and perpendicular to sample orientation. Whereas in the
Nbx phase, a drastic change is observed in the value of
dni /dT (negative to positive), which is related to the inver-
sion of the Z-scan curve, indicating changes in the nonlinear
optical response parallel to the sample orientation. This in-
version was previously observed in a DeOH/KL/H2O lyo-
tropic mixture in the Nbx phase [18]. According to Refs.
[16,17], such inversion is related to a sudden increase in the
polarizability in that direction. Therefore, we can correlate
this anisotropy to the higher SH intensity measured parallel
to the sample orientation for the 50 mm thick cell [Fig. 3(b)].
So, we can conclude that at 50 mm thick the lyotropic
sample is in the Nbx phase and that the change in the SHG
response below 80 mm is related to a transition from a
uniaxial Nc to a biaxial Nbx phase. Because the transition
occurs for decreasing film thickness, where the influence of
the confining surfaces becomes more important, we can con-
clude that we have indeed observed a surface-induced phase
transition from a Nc to a Nbx phase.
In conclusion, the combination of the two nonlinear opti-
cal techniques used in this work (SHG and Z scan) allowed
us to confirm, with direct measurements, the existence of a
surface induced nematic uniaxial to biaxial phase transition
in a confined lyotropic sample below about 80 mm.
We showed that the SHG technique can be used to inves-
tigate the orientational order of amphiphilic structures in a
LLC, when applied in a transmission geometry. It is impor-
tant to underline that as far as we know, it was the first time
this technique was successfully applied to lyotropic systems.
From the azimuthal orientational distribution of the SH sig-
nal it was possible to identify the symmetry differences be-
tween the calamitic and biaxial nematic phases they exhibit.
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